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 Toxicity of three rare earth elements (REEs) were tested on native plants and crops.
 Dose–response studies were performed in artiﬁcial soil under greenhouse conditions.
 Chemical analyses were undertaken in all soils, but only in plants tested with Ce.
 Effects on growth parameters were detected at concentrations raising concerns.
 Increased REEs may become problematic under a number of environmental conditions.a r t i c l e i n f o
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The phytotoxicity of rare earth elements (REEs) is still poorly understood. The exposure–response rela-
tionships of three native Canadian plant species (common milkweed, Asclepias syriaca L., showy ticktre-
foil, Desmodium canadense (L.) DC. and switchgrass, Panicum virgatum L.) and two commonly used crop
species (radish, Raphanus sativus L., and tomato, Solanum lycopersicum L.) to the REEs lanthanum (La),
yttrium (Y) and cerium (Ce) were tested. In separate experiments, seven to eight doses of each element
were added to the soil prior to sowing seeds. Effects of REE dose on germination were established through
measures of total percent germination and speed of germination; effects on growth were established
through determination of above ground biomass. Ce was also tested at two pH levels and plant tissue
analysis was conducted on pooled samples. Effects on germination were mostly observed with Ce at
low pH. However, effects on growth were more pronounced, with detectable inhibition concentrations
causing 10% and 25% reductions in biomass for the two native forb species (A. syriaca and D. canadense)
with all REEs and on all species tested with Ce in both soil pH treatments. Concentration of Ce in above-
ground biomass was lower than root Ce content, and followed the dose–response trend. From values
measured in natural soils around the world, our results continue to support the notion that REEs are
of limited toxicity and not considered extremely hazardous to the environment. However, in areas where
REE contamination is likely, the slow accumulation of these elements in the environment could become
problematic.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Since the Neolithic Revolution, humans have made systematic
and organized use of natural raw materials. With the onset of
industrialization and the use of fossil fuels that allowed for easier
extraction and reﬁnement of mineable ores, the amount of mined
material has increased to a size comparable to what is being natu-rally cycled in the environment. Approximately 75% of the world’s
metal minerals are processed and consumed by a small number of
highly industrialized nations which contain only 25% of the world’s
population. As a result of these high consumption and production
rates in a relatively small proportion of industrialized nations,
including Canada, the risk of contaminating soils, rivers and air
with toxic elements is higher.
One group of metals that are becoming increasingly mined are
the lanthanides, a group of 15 elements in the Periodic table that
are vital in many industries and technologies involving metallurgy,
ceramics, magnets, petroleum, electronics, medical imagery and
more (Hurst, 2010). Lanthanides are composed of elements with
atomic numbers 57 (lanthanum) through 71 (lutetium). In other
classiﬁcation schemes recognized by the International Union of
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(#21) are combined with lanthanides to form the ‘‘rare earth ele-
ments’’ (REE) group due to their similar chemical and toxicological
properties, and because these elements are often found in the same
ore deposits (Connelly et al., 2005). The term ‘‘rare earth element’’
is however misleading as it does not reﬂect the elements’ relative
crustal abundances. For example, the average abundances of cer-
ium (Ce; 60 mg kg1), yttrium (Y; 20 mg kg1) and lanthanum
(La; 30 mg kg1) in the Earth’s crust are comparable to common
metals such as copper (Cu; 55 mg kg1), lead (Pb; 10 mg kg1), zinc
(Zn; 70 mg kg1) and cobalt (Co; 30 mg kg1) (Tyler, 2004; Emsley,
2011). The term ‘rare’ instead refers to the fact that REEs do not
concentrate in pure ore deposits such as gold, but are often mined
from bastnasite (a ﬂuorocarbonate mineral) and monazite (a phos-
phate mineral) deposits (Olmez et al., 1991).
In addition to conventional pollution sources, including the
mining and reﬁning of REE ore minerals, the ﬁring of coal and
oil/gas plants, and landﬁlls leaching potentially toxic brews from
discarded technology, phosphorous fertilizers can also be a consid-
erable source of REE pollution (Volokh et al., 1990; Sloof et al.,
1993; Todorovsky et al., 1997). Indeed, as mentioned earlier, a ma-
jor source of REEs are phosphate minerals (monazites) from which
speciﬁc phosphate-based fertilizers (PF) can be produced (Val’kov
et al., 2010). REEs are not only found naturally in these mineral
rocks, but are occasionally added to speciﬁc fertilizers used by
the agricultural industry (Sabiha-Javied et al., 2010). PFs have been
extensively used in agriculture for years and their popularity will
only increase in the near future as technologies continue to devel-
op. Similarly to reported USA trends, Canadian consumption and
application of phosphate fertilizers has steadily increased since
1995, peaking at approximately 750 thousand tons per year in
2011/2012 (Statistics Canada, 2012). Initial low rates of REE accu-
mulation in soils may lead to higher undesirable levels in areas
where PFs are extensively used. Toxicological effects might become
pronounced and undesirable in areas of intensive agriculture like
the Canadian Prairies and the Great Lakes/St. Lawrence Corridor
where 75% of the nation resides (Statistics Canada, 2001).
REEs are not known to be nutritionally essential in plants. How-
ever, many of these elements can compete with calcium in a num-
ber of calcium-mediated biological processes, which could account
for some of the toxicity to plants. Due to their trivalent charges and
thus higher charge density, REEs can likely displace the divalent Ca,
which has a lower charge density, at Ca-binding sites in biological
molecules. The effects of REEs on the various calcium-mediated
biological processes in plants have been investigated by Brown
et al. (1990). In their study, the authors coined the term ‘‘super-cal-
cium’’, referring to lanthanum being analogous to Ca. The authors
concluded that many enzymes and other functional proteins are
inhibited by La. When this element displaces Ca from extra-cellular
binding sites, the efﬂux of extra- and intra-cellular Ca can become
inhibited, which in turn has negative consequences on the plant’s
health. While the toxicity of REEs is generally considered low,
new applications and developing technologies in the agricultural,
automotive and telecommunication sectors may increase the envi-
ronmental levels of various REEs, and in turn, the concentrations
exposed to native plants and other wildlife. As a result of their
low toxicity, threshold limits and maximum permissible concen-
trations are poorly established (or not at all) in the literature.
Information on the inﬂuence and toxicity of REEs on plant
development remain contradictory and obscure. A majority of
dose–response studies have been performed under hydroponic
conditions that are conducive to stronger effects and not necessar-
ily representative of real world situations. Additionally, positive ef-
fects at lower doses (<0.5 REE mg kg1 soil) are almost exclusively
reported in Chinese literature. China was in fact the ﬁrst country in
the world to use commercial REE-fertilizers applied to crops in theform of foliar sprays, seed treatments or as additions to solid or li-
quid root fertilizer formulations (Hu et al., 2004). Yield increases
ranging from 5% to 15% for numerous crop species under varying
soil and nutrient conditions were reported by researchers such as
Brown et al. (1990) and Hu et al. (2004). However, beneﬁcial effects
are difﬁcult to state with certainty. REEs are often added as com-
pounds containing nitrogen and other growth-promoting sub-
stances thus rendering element-speciﬁc conclusions difﬁcult to
deduce (Tyler, 2004).
Positive impacts of REEs on plant growth may be restricted to
certain growth stages or speciﬁc soil conditions. He and Loh
(2000) reported that in Arabidopsis thaliana, additions of Ce- or La
nitrate to the growth medium signiﬁcantly increased root develop-
ment but had no effect on biomass, the number of rosette leaves
produced or plant height during the vegetative growth stage. The
authors also provide evidence that adding low concentrations
(approximately 0.5 mg kg1) of either Ce- or La nitrate was most
effective at promoting ﬂoral initiation. Other published work by
Diatloff et al. (2008) reported that the addition of La and Ce did
not increase the growth of corn (Zea mays) or mungbean (Vigna
radiata) grown under hydroponic conditions and that growth was
even inhibited at higher concentrations (>5 lM Ce). In another
hydroponic experiment, Hu et al. (2002) reported inhibitory effects
on primary root elongation of wheat (Triticum aestivum L.) and
reductions in both dry root and shoot weights as well as a reduc-
tion in the mineral element content of plant tissues after the addi-
tion of La and Ce (and the combination of), at doses between 0.5
and 25 mg L1, to nutrient solution.
The bioavailability of compounds to plants is one of the most
important issues for environmental studies. In fact, the inﬂuence
of soil properties and plant absorption capabilities are two of the
main drivers that govern the phyto-availability of an element.
The most important soil variables that inﬂuence bioavailability in-
clude pH, redox potential, soil texture and organic matter content
among many others (Cao et al., 2001). Interactions amongst ele-
ments and compounds even inﬂuence availability through antago-
nistic and/or synergistic mechanisms as chemically similar
elements compete for the same binding sites (ex: Ca and REEs).
Still, in general, the chemical composition of plants closely resem-
bles that of their environment. Using plants as ecosystem health
indicators or as contamination indicators (as part of biomonitoring
programs) is increasingly studied and is a popular choice for mod-
ern monitoring programs.
The importance of primary producers as valued ecological com-
ponents and their necessary inclusion as part of ecological risk
assessment is widely recognized. However, there remains a paucity
of information on the phytotoxic effects of many inorganic com-
pounds. Due to the important questions surrounding the availabil-
ity and toxicity of REEs to plants, this study will aim to investigate
the toxicity of elevated soil levels of different REEs (La, Y and Ce) on
three native Canadian plant species: common milkweed (Asclepias
syriaca L.), showy ticktrefoil, (Desmodium canadense (L.) DC.) and
switchgrass (Panicum virgatum L.), as well as on two crop species:
radish (Raphanus sativus L.) and tomato (Solanum lycopersicum L.)
that are commonly grown in North America and that are popular
choices in toxicity studies. All species were grown in soil within
growth chambers and were exposed to different concentrations
of REEs in order to investigate their relative toxicity and availabil-
ity to actively growing plants.2. Materials and methods
The La, Y and Ce experiments were performed independently of
one another. Table 1 summarizes and contrasts some of the mate-
rials and methods for each experiment. For the Ce experiment, it
Table 1
Experimental conditions for toxicity assessment of three rare earth metals (lanthanum, yttrium and cerium) to native and crop plant species.
REE Experiment
Lanthanum Yttrium Cerium a
Soil conditions Low pH High pH
 Soil composition (%peat:%Kaolin clay:%silica sand) 10:20:70 10:20:70 10:20:70 10:20:70
 Soil pH 5.95 ± 0.02 6.06 ± 0.03 4.08 ± 0.02 6.74 ± 0.03
 Soil CEC (mmolc/100 g soil) 7.71 ± 0.29 7.71 ± 0.29 4.0 ± 0 12.8 ± 0.5
 Calcium carbonate added to adjust pH to desired value (g/batch of soil) 9 12 1 28
 Background REE level (mg kg1 dry soil) 4.96 ± 0.15 3.85 ± 0.17 10.29 ± 0.22 10.29 ± 0.22
Experimental set-up
 Number of doses testedb 9 9 8 8
 Geometric progression of doses 1.9 1.9 1.9 1.9
 Number of replicates per dose 9 7 7 7
 Total number of potsb 405 315 280 280
Solution preparation
 Amount of water used to dissolve REE 1L 1L 3Lc 3Lc
 Additional water added to soil batches 5L 3.5L 2L 2L
a Two pH levels were tested in the cerium experiment to investigate the effect of pH on toxicity after considering the results of the La and Y experiments.
b Including control (0) treatment.
c To further dissolve CeCl3, 2–25 drops of HCl was added to each solution. A concurrent experiment of adding these small amounts of HCl on plant growth supported the
fact that levels of HCl used did not have an effect on% germination, speed of germination and average dry biomass production (p > 0.05) under both low and high pH
conditions, for both R. sativus and S. lycopersicum determined by either the Mann–Whitney U test or ANOVA.
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and plant growth parameters. As a result, the experiment was con-
ducted in a similar fashion as the La and Y experiments, but at low
and high pH levels. Apart from these differences, materials and
methods followed the general guidelines that are outlined below.2.1. Soil preparation and analysis
Artiﬁcial soils were prepared following Environment Canada
(EC) protocols [EC Formulation of Artiﬁcial Soil (SOP 15.09/1.3/S)]
each consisting of 10% peat, 20% pulverized Kaolin clay and 70% sil-
ica sand by dry weight (Environment Canada, 2005). To ensure
proper homogenization, soil was prepared in small batches of
approximately 2.7 kg/batch that were thoroughly mixed using a
commercial grade electrical mixer (Axis M-20, Axis Equipment,
Montreal, Canada). Five hundred millilitres of tap water was added
to each batch of soil in order to attain an initial soil moisture con-
tent of approximately 20%. Due to the acidity of the peat used in
the soil mixture (with a pH  4), calcium carbonate was added
(Table 1) to adjust the pH to the desired values. The resulting soil
pHs are found in Table 1. Soil batches were mixed in large plastic
storage containers and were allowed to settle for at least 48 h
before use.
Soil pH was determined using an IQ150 pH/mV/temperature
meter (Spectrum Technologies Inc., Aurora, IL, USA). Approxi-
mately 125–150 mL of soil (by volume) was added to a 250 mL
beaker, and this was subsequently topped up to the 200 mL line
with tap water (since this water source would be used for watering
the plants). This soil–water solution was then stirred regularly for
1–2 h before pH measurements were taken.
Analysis of soil samples for the presence of REEs was performed
by Brooks Rand Labs (BRL, Seattle, Washington, USA) in order to
determine background REE levels in the control soils and to vali-
date calculated experimental soil contamination levels (see Sec-
tion 2.3). For REE background levels, eight control replicates were
analyzed. To validate calculated experimental levels, two soil sam-
ples from each dose (one pre- and one post-experiment) were ana-
lyzed separately for La and Y. For the Ce analysis, four samples, one
each from the low pH pre-, low pH post-experiment, and high pH
pre-, high pH post-experiments, were analyzed. All soil analyses
followed a modiﬁed USEPA Method (USEPA, 1996). The pre-exper-
iment soil sample was collected from the initial contaminated soil
batch, while the post-experiment sample was obtained by combin-ing and mixing the soil from 10 pots within a given dose (two pots/
species) after removing plant debris. Similar to plant sample anal-
yses, soil samples were digested in a closed-vessel reverse aqua re-
gia (RAR) oven bomb for total recoverable metals. Digestates were
then diluted with reagent water 50x prior to analysis. The samples
were analyzed by inductively coupled plasma–mass spectrometry
(ICP–MS) according to a modiﬁcation of EPA Draft Method 1638
(USEPA, 1996). Brieﬂy, this method incorporates ionization of the
sample in an inductively coupled radio-frequency plasma, with
detection of the resulting ions by mass spectrometer on the basis
of their mass-to-charge ratio.
The determination of cation exchange capacity (CEC) was per-
formed by EXOVA laboratory (Ottawa, Ontario, Canada) using the
ammonium acetate extraction method (Mackenzie, 1951). Six rep-
licate samples were analyzed for each of the soils.
2.2. Species
The same species were used for all three experiments (Table 2).
Three wild, native species: commonmilkweed (Asclepias syriaca L.),
showy ticktrefoil (Desmodium canadense (L.) DC.) and switchgrass
(Panicum virgatum L.) and two crops: radish (Raphanus sativus L.)
and tomato (Solanum lycopersicum L.) were included. D. canadense
and P. virgatum were selected based on their coefﬁcient of conser-
vation (see Oldham et al., 1995), while A. syriaca was chosen based
on its importance to native fauna (i.e. monarch butterﬂy). All wild
species were found to have seed germination rates of >70% in Petri-
dish pre-trials. Due to a stratiﬁcation requirement, seeds of A. syr-
iaca were cold stratiﬁed in a 4 C refrigerator for approximately
two months prior to the beginning of the experiment; no other
seeds required stratiﬁcation.
2.3. Experimental set-up
The chloride forms of La (LaCl3), Y (YCl3), and Ce (CeCl3) (all ob-
tained through Alfa Aesar, USA) were used as the source material
for each REE experiment due to their high solubility in water. In
this sense, they represent a worst case scenario for plants based
on the presumed availability of the REE cations in the soils. Based
on a review of REE literature, doses for each compound were cho-
sen to reﬂect ecologically relevant levels found is soils, and in all
cases, selected doses followed geometric progressions of 1.9. For
La, eight doses (nominal concentrations) of LaCl3 were tested:
Table 2
Canadian native and crop plant species tested in the three REE experiments.
Species Common name Crop/native Family CC scorea
Asclepias syriaca L. Common milkweed Native Asclepiadaceae 0
Desmodium canadense (L.) DC. Showy ticktrefoil Native Fabaceae 5
Panicum virgatum L. Switchgrass Native Poaceae 6
Raphanus sativus L. var. Sparkler Radish Crop Brassicaceae N/A
Solanum lycopersicum L. var. Beefsteak Tomato Crop Solanaceae N/A
a Coefﬁcient of conservation (CC Score) is available only for wild (native) species. CC scores range from 0 to 10. Higher numbers indicate higher conservation value.
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soil that corresponded to 4.4, 8.4, 16.0, 30.4, 57.8, 109.8, 208.7, and
396.5 mg La kg1 dry soil respectively based on the fact that La
comprises 56.6% of LaCl3. Similarly, eight YCl3 doses (nominal con-
centrations) were also tested: 22.4, 42.5, 80.8, 153.5, 291.6, 554.0,
1052.0, and 2000.0 mg YCl3 kg1 dry soil that corresponded to 10.2,
19.4, 36.8, 69.6, 132.8, 252.2, 479.0 and 910.6 mg Y kg1 dry soil
respectively (Y comprises 45.5% of YCl3). Likewise, seven doses
per pH treatment (nominal concentrations) of CeCl3 were exam-
ined (one less dose than La and Y due to space constraints): 45.2,
86.0, 163.3, 310.3, 589.5, 1120.1, and 2128.3 mg CeCl3 kg1 dry soil
corresponding to 25.7, 48.9, 92.8, 176.4, 335.2, 636.8 and
1209.9 mg Ce kg1 dry soil (Ce comprises 56.9% of CeCl3). In all
experiments, a zero control dose was included (no REE compound
was added). All results are subsequently reported as mg REE kg1
dry soil.2.4. Solution preparation and contamination
A stock solution for each REE was prepared by dissolving the
appropriate amount of REE in deionized water (see Table 1 for
amounts). Doses were prepared from the stock solutions. To con-
taminate the soil, the required volume of soil for a dose was mea-
sured into large plastic containers using the total number of pots
(10  10  9 cm; see Table 1) and converting the volume of soil
to mass of soil (300 g of dry soil per pot) in order to calculate
the necessary volume of REE stock solution. Working from lowest
to highest dose, the REE solution was poured slowly into the con-
tainer and mixed thoroughly into the soil by hand using stainless
steel spoons. An additional amount of water was added by rinsing
the solution ﬂask to further hydrate the soil and to ensure that all
metal residues reached the soil. Once thoroughly mixed, the soil
was split between the replicates in the dose treatment. This was
repeated for all consecutive REE treatments. Control treatments
were prepared in a similar fashion, with the exception that water
alone was added to the soil in order to maintain moisture consis-
tency with the contaminated batches. For all doses, one pot of ex-
cess soil was bagged and refrigerated for [REE] soil analysis.
Once prepared, all soil pots were transferred to growth cham-
bers (Conviron, model PGW36, Winnipeg, Canada) and allowed
to settle for 24 h before seeds were sown. For any given species,
ﬁve seeds were planted per pot/replicate per dose. Artiﬁcial light
within the growth chambers followed a 16 h daylight: 8 h night cy-
cle, with an average photosynthetic active radiation of
309 ± 9 lmol photons m2 s1. Water was supplemented daily, as
needed (but usually twice a day), from the top in order to maintain
consistent moisture in the growth medium according to the meth-
od described by Environment Canada (2005). Temperature within
the modules averaged approximately 25 C during the day and
15 C at night. Due to space limitations, all experimental plants
for the La and Ce experiments could not be maintained in the same
growth chamber, but were instead split by species, dose, and pH
treatment (Ce experiment only) between two growth chambers.
Y plants were all maintained in the same growth chamber. In order
to further ensure uniformity of conditions, and to prevent con-founding environmental factors, all plants were rotated between
and within growth chambers on a weekly basis.
2.5. Germination and harvest
Seed germination was recorded daily for approximately 31 d for
all species by checking all pots for the presence of emerging coty-
ledons. Approximately 1 week after the control pots for a given
species had reached 70% seed germination, all pots for that species
were thinned to one plant per pot. To prevent bias, a random num-
ber generator was used to determine which seedling was left in the
pot. Due to the uneven germinating times and sizes of D. canadense
seedlings within a given pot, the alternate approach of leaving the
largest seedling was preferred. In all cases, additional seedlings
that germinated after the pots had been thinned were counted
and removed from the pots.
It was found in a previous experiment (Boutin et al., 2011;
Smith et al., 2013) that plants growing in the artiﬁcial soil as per
the EC protocol and not supplied with nutrients failed to grow past
the ﬁrst true leaf stage, thus limiting the possibility of detecting
any real toxicological effects on exposed plants in long-term stud-
ies. To supplement the low nutrient artiﬁcial soil, fertilizer (Plant-
Prod 20–20–20 All Purpose Fertilizer) was added to all pots on
approximately day 17 after planting the seeds. This fertilization
coincided with the ﬁnal, slow to germinate plant species, D. cana-
dense, attaining 70% germination of the controls. Fertilizer was pre-
pared by dissolving 7.8 g of the soluble fertilizer in 1 L of water to
make a stock solution. From the stock solution, 8.30 mL (approx.
65 mg of fertilizer) was added to each pot by pipette (equivalent
to 13 mg N, 13 mg P, 13 mg K). The rate of fertilizer was calculated
based on the recommended fertilization rates for the crop species
(10% of the recommended doses for radish, R. sativus, and tomato,
S. lycopersicum, was applied).
All plants of a given species were harvested 4 weeks (28 d) after
their respective controls had reached 70% germination. On the day
of harvest, all aboveground biomass was collected by cutting the
plant at the base of the soil, and placing it in a paper bag. For R. sat-
ivus, the belowground bulb was also harvested and bagged along
with the aboveground section. All plant material was then dried
in a drying oven at approximately 70 C for at least 48 h prior to
biomass measurements.
2.6. Plant tissue analysis
Since cerium is the most abundant of the REEs on Earth, and be-
cause its toxicity is most likely inﬂuenced by the fact that the ele-
ment closely resembles Ca2+ in form and function, it was decided to
undertake a plant tissue analysis to determine cerium uptake in
roots and shoots when inﬂuenced by low and high soil pH condi-
tions. Above- and belowground dried plant matter was sent to
BRL for cerium content analysis. Due to the high cost involved
and sample size constraint, only a limited number of samples could
be chemically analysed for cerium content. Consequently, root and
shoot replicates were pooled by species, Ce dose, and soil pH level.
This also allowed us to submit an adequate amount of plant mate-
rial required for an accurate measurement of Ce content in plant
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well as the nominal Ce doses of 48.9, 176.4 and 636.8 mg Ce kg1
dry soil. Similarly to the soil samples, plant samples were digested
and reconstituted in water prior to analysis by ICP-MS (see Sec-
tion 2.1), following modiﬁed EPA Draft Method 1638 (USEPA,
1996). The method detection limit was reported as being
0.008 mg kg1 on a dry plant weight basis.
2.7. Calculations
All statistics were performed using Systat 13 (Systat Software
Inc., Chicago, USA).
The% of REE expected in soil was calculated using the following
formula:
%REEexpected ¼ ð½measured REE
 ½measured REEcontrolÞ=½nominal REE
where [measured REE] is the laboratory conﬁrmed REE concentra-
tion in soil, [measured REEcontrol] is laboratory conﬁrmed REE con-
centration in control soil (i.e.- background REE signature) and
[nominal REE] is expected (i.e.- calculated) REE concentration in soil
mixture.
As the equation above demonstrates, background REE signa-
tures detected in control soil were subtracted from the total mea-
sured concentration in each soil analyzed. We had assumed that no
REE would be present in our artiﬁcial soil mixture.
Percent germination (%G) was assessed at the end of the exper-
iment, and was determined on a per pot basis as the number of
seedlings emerging in relation to the number of seeds planted
per pot (n = 5). For statistical purposes, differences in percent ger-
mination between doses of a given REE were examined using pots
as replicates (n = 9 for La, n = 7 for Y and Ce).
Speed of germination (SG), a relative measure of how quickly
seeds germinate over time, was calculated using the following
formula:
R (N1/1 + N2/2 + N3/3 + . . .. . .. + Ni/i) (modiﬁed from Allaie et al.
(2006)).where N1 is the # of new seeds germinating on day 1, N2 is
# of new seeds germinating on day 2, etc. and Ni is # of new seeds
germinating on day ‘‘i’’.
Inhibition concentrations (IC25 and IC10) causing 25% or 10%
reductions in plant biomass respectively, as compared to the fertil-
ized controls, were calculated using non-linear regression model
analyses (Environment Canada, 2005). These were performed in
the cases where the model assumptions of homogeneity of vari-
ance (Levene’s test) and normality of residuals (Shapiro–Wilk test)
were met. In cases where the assumptions could not be met
even after transformation of the data, then the IC25 and IC10
values were calculated using the nonparametric ICPIN program
(Norberg-King, 1993).
Finally, non-parametric Kruskal–Wallis tests or parametric AN-
OVAs were used to determine if any statistically signiﬁcant differ-
ence existed in the different treated and control plant parameters.
3. Results
3.1. Soil analysis
Overall, REE recovery was over 70% in most cases (Fig. 1). At
lower doses, REE yield was generally higher and decreased with
subsequent higher doses. Background levels of all three REE were
detected in soils used for the experimental work and are presented
in Table 1. REE background levels were lower than values reported
in natural crustal abundance, but followed a similar trend where
[Ce] > [La] > [Y] (Tyler, 2004; Emsley, 2011). Doses used for statis-
tical analyses were based on the average amount of REE detected inthe two soil samples analyzed (pre- and post-experiment com-
bined). In the case of cerium, ANCOVA of the measured doses in
relation to the nominal dose (continuous factor) and soil pH (cate-
gorical factor), found an effect of nominal dose on the measured
doses (p < 0.001; as expected), but more importantly found no ef-
fect of pH on the measured doses (p = 0.998) and no interaction
(p = 0.455). For this reason, soil analysis results were pooled for
both the low and high pH soils (n = 4) to obtain one ﬁnal concen-
tration for each dose.
pH and CEC for each of the experiments are also presented in
Table 1. In the Ce experiment, in addition to pH differences, there
was a slight confounding effect of CEC that was higher at elevated
pH. The increase in CEC with an increase in pH is most likely due to
the variable charge in the form of carboxylic acid groups present in
the organic matter of the peat.
3.2. Effects on plants – germination
Results of the analysis on total percent germination (%G) of each
species are presented in Table 3. La and Ce (high pH) contamina-
tion did not have an impact on %G at any dose. Y, on the other
hand, appeared to negatively inﬂuence %G in D. canadense and S.
lycopersicum while Ce (low pH) had a harmful effect on A. syriaca,
P. virgatum, R. sativus and S. lycopersicum. However, in the case of
Y, the effect on S. lycopersicum was not consistently negative with
increasing doses. Generally, negative effects were present only at
the highest dose tested, with the exceptions of D. canadense in yt-
trium soils (102.8 mg Y kg1 soil) and A. syriaca in low pH cerium
soils (70.9 mg Ce kg1 soil).
In our experiments, La did not have any effect on SG for all spe-
cies tested (Table 3). Y had signiﬁcant impacts on SG for four test
species, but once again was not consistently negative amongst dif-
ferent doses. Ce had a negative impact on SG in S. lycopersicum at
high pH values while effects were observed on A. syriaca, P. virga-
tum, R. sativus and S. lycopersicum at low pH values, all at the high-
est dose tested (978 mg Ce kg1 soil).
3.3. Effects on plants – biomass
Table 4 summarizes the effects of REE contamination on the
biomass of exposed plants in relation to the controls through the
determination of IC10 and IC25 values (the concentrations that re-
sult in a 10% and 25% reduction in biomass as compared to the con-
trols respectively). IC10 and IC25 values were detectable for A.
syriaca and D. canadense in the La experiment, A. syriaca, D. cana-
dense and P. virgatum in the Y experiment and in all species at both
low- and high-pH levels for the Ce experiments.
When doses were compared to the controls directly (through
either ANOVA or Kruskal–Wallis analyses), overall plant biomass
production was negatively inﬂuenced by La in two native species,
and by Ce in all of the tested plant species (Table 4). In the Ce
experiment, overall plant biomass production was inﬂuenced by
the soil pH conditions, with the majority of species growing larger
in the high pH soil (except for P. virgatum which performed better
in the lower pH treatment). Unfortunately, statistical tests on the
Ce data including pH and dose treatment level in the same model
were inconclusive. Our data violated both the assumptions of nor-
mality and homoscedasticity and transformations failed to help.
Additionally, the non-parametric Kruskal–Wallis test was too weak
in power to detect any biologically signiﬁcant trend. Nonetheless,
the trends reported here were similar to other published work,
and would most likely be stronger and more evident if we were
to increase sample size in subsequent experiments as a means to
increase power. Y had a signiﬁcant impact on biomass production
in all three native species, but the effect was not consistently neg-
ative amongst the different dose levels. In fact, the Y experiment
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Fig. 1. Levels of lanthanum (La), yttrium (Y) and cerium (Ce) as percent of expected (i.e. calculated) dose. The doses tested for each compound were different and based on a
review of current literature. In all cases, doses followed a geometric progression of 1.9. For La, eight doses (nominal concentrations) of LaCl3 were tested: 7.8, 14.9, 28.3, 53.7,
102.1, 193.9, 368.4, and 700 mg LaCl3 kg1 dry soil. Similarly, eight YCl3 doses (nominal concentrations) were also tested: 22.4, 42.5, 80.8, 153.5, 291.6, 554.0, 1052.0, and
2000.0 mg YCl3 kg1 dry soil. Seven doses (per pH treatment – nominal concentrations) of CeCl3 were examined: 45.2, 86.0, 163.3, 310.3, 589.5, 1120.1, and
2128.3 mg CeCl3 kg1 dry soil.
Table 3
Summary of effects of three selected REEs on three native and two crop plant species. %G represents total percent germination and SG is the speed of germination. N/E represents
the cases where no statistical effect was documented, ; is a continual signiﬁcant negative effect starting at the ﬁrst affected dose, and the l represents the cases where a statistical
difference was determined at a lower dose, but the effect disappeared at higher doses. ;l represents the cases where a signiﬁcant negative effect was documented, but
occasionally some intermediate higher doses were not statistically different. Kruskal–Wallis (KW) and ANOVA results show degrees of freedom/X2 or F value/p-value respectively.
Dunnett’s one-sided post hoc test for parametric and Conover-Inman post hoc test for non-parametric methods were employed. AS is A. syriaca, DC is D. canadense, PV is P.
virgatum, RS is R. sativus and SL is S. lycopersicum.
REE Parameter statistics AS DC Species PV RS SL
La %G N/E N/E N/E N/E N/E
KW 9/6.7/0.7 9/4.8/0.9 9/5.1/0.8 9/9.0/0.4 9/7.2/0.6
SG N/E N/E N/E N/E N/E
ANOVA 9,80/1.1/0.4 9,80/0.5/0.9 9,80/1.2/0.3 9,80/1.0/0.5 9,80/1.3/0.3
Y %G N/E ; N/E N/E ;l
KW 9/12.9/0.1 9/30.5/0.0 9/9.2/0.3 9/9.8/0.3 9/30.6/0.0
SG l l N/E l l
ANOVA 9,62/6.0/0.0 9/22.6/0.04a 9,62/1.4/0.2 9,62/6.6/0.0 9,62/5.5/0.0
Ce – high pH soil %G N/E N/E N/E N/E N/E
KW 7/7.2/0.4 7/2.9/0.9 7/4.6/0.7 7/0.001/1 7/5.8/0.6
SG N/E N/E N/E N/E
ANOVA 7,48/1.4/0.3 7,48/1.4/0.2 7,48/1.4/0.2 7/11.6/0.1a 7,48/3.8/0.002
Ce– low pH soil %G ; N/E ;l ; ;
KW 7/25.2/0.001 7/4.4/0.7 7,48/2.8/0.02b 7/35.4/0.001 7/16.1/0.02
SG ; N/E ;l ; ;
ANOVA 7,48/8.4/0.001 7,48/1.2/0.4 7,48/3.5/0.004 7,48/7.1/0.001 7,48/5.7/0.001
a Results are from a Kruskal–Wallis test.
b Results are from an ANOVA.
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speciﬁc conclusions need to be carefully assessed (Table 4).
3.4. Uptake of REEs in plants
Fig. 2 presents the cerium levels in roots and shoots of our ﬁve
plant species exposed to different Ce doses under low and high pH
conditions. There were instances where not enough plant material
was available for an analysis, but some trends are visible nonethe-
less. All ﬁve plant species had higher levels of Ce in their roots as
opposed to their vegetative parts under both low and high pH soil
conditions. However, it is evident that under low pH conditions,
levels of Ce in plant parts increased dramatically. In some instances(ex: S. lycopersicum shoots), the levels of Ce nearly doubled as the
pH was lowered. In the majority of cases (except the roots of R. sat-
ivus under high pH conditions), cerium levels in plant parts in-
creased with increasing dosage.4. Discussion
4.1. Growth medium conditions
The availability and uptake of REEs and other heavy metals by
plants may depend on speciﬁc growth medium conditions includ-
ing pH (Diatloff et al., 1996; Cao et al., 2001; Yufeng et al., 2001),
Table 4
Summary of effects of three selected REEs on three native and two crop plant species. IC10 and IC25 values representing the dosage resulting in 10% and 25% reductions in
biomass as compared to controls respectively are shown. Non-linear parametric regression model (with or without transformations) or nonparametric Interpolation method
(ICPIN) were used to determine IC values. N/E represents the case where no statistical effect was documented, J. is a signiﬁcant negative effect, and the I represents the cases
where a statistical difference was determined, but the effect was not consistent with increasing dosage. ANOVA results show degrees of freedom/F value/p-value of statistics
comparing dose–response biomass production when compared to control plants (Biomass). AS is A. syriaca, DC is D. canadense, PV is P. virgatum (all three native species) while RS
is R. sativus and SL is S. lycopersicum, both crops tested. N/A = Not Available.
AS DC PV RS SL
Lanthanum
IC10 (mg kg1 dry soil) 91.4 132.4 N/E N/E N/E
IC25 (mg kg1 dry soil) 201.4 301.3 N/E N/E N/E
Model Logistic Gompertz N/A N/A N/A
Transformation SQRT SQRT N/A N/A N/A
R2 0.2 0.2 N/A N/A N/A
Biomass 4 4 N/E 1 N/E
ANOVA 8,72/4.9/0.001 8,72/2.4/0.03 8,72/1.05/0.41 8,72/2.7/0.01 8/9.1/0.34a
Yttrium
IC10 (mg kg1 dry soil) 95.8 33.7 329.6 N/E N/E
IC25 (mg kg1 dry soil) 257 109.4 591.6 N/E N/E
Model ICPIN Gompertz Gompertz N/A N/A
Transformation None SQRT None N/A N/A
R2 N/A 0.6 0.08 N/A N/A
Biomass 1 1 1 N/E N/E
ANOVA 8,72/11.7/0.001 8,72/20.4/0.001 8,72/1.6/0.14 8,72/1.8/0.1 8/9.9/0.27a
Cerium – high pH soil
IC10 (mg kg1 dry soil) 54.6 165.9 166.8 150.4 195.34
IC25 (mg kg1 dry soil) 252.6 213 251.6 313.8 315.2
Model Logistic Gompertz Gompertz ICPIN Logistic
Transformation SQRT SQRT None None None
R2 N/A N/A N/A 0.46 0.82
Biomass 4 4 4 4 4
ANOVA 7,48/8.4/0.001 7,48/22.2/0.001 7/28.5/0.001a 7/19.6/0.006a 7,48/36.0/0.001
Cerium – low pH soil
IC10 (mg kg1 dry soil) 119 67.2 239.4 61.7 102.3
IC25 (mg kg1 dry soil) 196.7 145.6 372.3 82.9 157.9
Model ICPIN ICPIN ICPIN Gompertz Logistic
Transformation SQRT None None None None
R2 0.68 0.77 0.4 N/A 0.82
Biomass 4 4 4 4 4
ANOVA 7,48/17.3/0.001 7/42.9/0.001a 7,48/6.5/0.001 7/37.0/0.001a 7/42.8/0.001a
a Results are from a Kruskal–Wallis test.
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2001). At lower pHs, CEC and redox potential levels, the mobility
and subsequent availability of REE cations in the soil increases. It
is under these conditions that we expect toxicity to plants to be
more pronounced (von Tucher and Schmidhalter, 2005). At these
lower pH (and redox potential) levels, REEs are more often released
and are thus considered more available following a change in the
elements’ chemical species (often from a precipitate into a soluble
form) (Harter, 1983). It was shown by the work of Cao et al. (2001)
that the Fe–Mn oxide fraction of the soil is a main contributor to
the release and availability of these REE compounds. In the case
of our experiments, pH values were under the neutral pH level of
7 with CEC values of 12.8 mmolc/100 g of soil and under. CEC is
a measure of the cation retention capacity of the soil and as such,
is often used as a proxy measure to indicate soil fertility and nutri-
ent retention capacity. It is a way to quantify the soil’s ability to
hold and release various elements, including nutrients and other
polar compounds such as0 metals (Sumner and Miller, 1996). pH
is a known determinant of CEC level. CEC measures in the present
experiment were considered low, thus indicating that the elements
were most likely mobile and biologically available to the plants.
CEC of organic soils can be much greater, at values more than
100 mmolc/100 g of soil, and it is under these high CEC levels that
metals are not as mobile or not as readily absorbed into plant tis-
sues (Kyziol, 2002; Stathi et al., 2010). Our resulting CEC and pH
levels can thus represent a worst-case scenario when considering
the availability and mobility of metal contaminants.4.2. Uptake of REEs in plants
It has been established that Ce is not only the most abundant of
REEs in the environment, but that its similarities to other impor-
tant macrominerals such as Ca, as well as its higher charge density
renders this element more available for absorption into plant tis-
sues. As a result, its toxicity should be greater than the other REEs
as, evidenced in this study by both Ce having consistent negative
impacts on the biomass of all species tested (Table 4) and by Ce’s
lower IC10 and IC25 values in most cases (e.g. A. syriaca and P. virg-
atum). For these reasons, at the current ranges of doses tested (al-
beit different), Ce could be considered as a worst case scenario REE
in our series of experiments. The plant tissue analysis provided
some interesting insight in the compounds mobility through plant
tissues, especially when inﬂuenced by pH conditions (see Sec-
tion 3.1 and Fig. 2).
Our results continue to support the notion that concentration of
REEs in above-ground biomass of vascular plants is usually quite
low (Tyler, 2004). Consistent with our ﬁndings, roots generally
have higher concentration of REEs than any other plant organ.
The trends we reported are similar to other work investigating
REE uptake in plants grown in soils of varying chemistry (Fu
et al., 1998; Joacir De França et al., 2011). However, accumulate
of REEs in the shoots (leaves and stems) may be more problematic
and lead to more toxic effects, as this is the primary region for
photosynthesis. REEs, such as Ce, have been shown to compete
for Ca binding sites within photosystem II (Burda et al., 1995). In
Fig. 2. Cerium (Ce) content in roots and shoots of the ﬁve tested plant species under low and high pH conditions as a function of treatment dose. ‘‘na’’ represents the cases
where not enough plant material was available for analysis. Note the different scales on the y axis for roots and shoots.
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plasmic reticulum of certain plant species (Klusener et al., 1995).
These elements can even disrupt a number of different ionic
channels such as the ones involved in the xylem exudation in the
symplast of roots (Schwenke and Wagner, 1992). Because of the
unique properties of REE, and the complexity involved when
elements compete against one another in different biological
processes, a threshold needs to be carefully assessed to determine
exactly which REE concentration becomes problematic to
phytobiochemistry.
Interestingly, some studies such as Bibak et al. (1999) reported
very low levels of REEs in commercially grown vegetables. Low lev-
els have also been reported in some wild species (Fu et al., 1998;
Joacir De França et al., 2011). In our Ce plant tissue analysis, the
commercial crops R. sativus and S. lycopersicum had, on average,
higher Ce concentrations than the three native species; however,
this conclusion needs to be interpreted with care as we were miss-
ing Ce root data for many of the native species due to small mass
yields. The background level of all REEs measured in our control
soil demonstrates the ubiquity of these compounds in nature.
4.3. Effects on plants
Speed of germination (SG) represents a more sensitive measure
of seed germination than percent germination (%G) as it gives more
weight to earlier germinating seeds and can determine if there are
signiﬁcant delays in germination (Allaie et al., 2006). This method
is often used in allelopathy studies to determine subtle effects of
compounds on plant germination rates. SG is based on the number
of seedlings that germinate in each pot per day until the end of the
experiment.La, Y and Ce were found to have limited effect on the total per-
cent and speed of germination of the ﬁve plant species tested with-
in the range of doses applied in the current experiments. Only D.
canadense (Y) and A. syriaca (Ce low pH) exhibited effects at doses
that could be measured in the natural environment, but only at
high concentrations in the majority of cases. There is a dearth of
studies on effects of REEs on early stages of plants growing in soil.
Both inhibitory and stimulation of germination has been reported
on plants immersed in solutions containing La (Hu et al., 2004).
Effects on aboveground biomass were more pronounced in our
study in agreement with other studies conducted on crops growing
in soil contaminated with different REEs such as La and Y. Zeng
et al. (2006) investigated the effect of LaCl3 on rice growing in
two different types of soil. They found that the critical toxic con-
centration of LaCl3 where crop yield was reduced by 10% was
43.03 or 83.33 mg LaCl3 kg1 dry soil in the two soil types (with
low or high organic matter content respectively). This corresponds
to 23.8 and 47.2 mg La kg1 dry soil. No dose–response relation-
ships (IC25) were calculated. Likewise, the effect of La was studied
on two crops grown in soil from Germany (von Tucher and Schmid-
halter, 2005). No noticeable effects were recorded at either
10 mg La kg1 dry soil for bush beans (Phaseolus vulgaris var. nanus
‘‘Daisy’’) or 50 mg La kg1 dry soil for spinach (Spinacea oleracea L.
‘‘Matador’’), the highest doses evaluated in both cases. Some stud-
ies have reported inhibitory effects of Y on plant growth while oth-
ers have pointed to stimulating productivity, especially in crops
(Brown et al., 1990; Tyler and Olsson, 2005; Kastori et al., 2010).
It has also been reported that Y bioaccumulated in pokeweed (Phy-
tolacca americana) plants without any reported negative effects
(Ichihashi et al., 1992). Several other vascular plant species have
been found to discriminate against or conversely, to concentrate
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mosses (Evans, 1990; Tyler, 2004; Joacir De França et al., 2011).
Plants seemed to be more sensitive to Ce contamination than
the other two REEs, especially at lower pH levels. This result is
most likely a consequence of the unique ability of Ce to change oxi-
dation states under different conditions. Other lanthanides’ va-
lences are unchangeable which would most likely buffer the
effect of soil conditions on their availability to a certain extent
(Cao et al., 2001).
Many studies originating from China have shown that low
quantities of REEs including La, promote growth of crops and can
be used as fertilizers (Hu et al., 2004; Tyler, 2004 and references
therein; Babula et al., 2008). This is however debated as many
other studies have reached inconclusive results (Tyler, 2004). In
our case, stimulatory effects were not observed.
Unlike several other countries, levels of REEs found in natural
soils have not been measured in Canada. In the US, a thorough sur-
vey was conducted in 2006 whereby soil samples were collected at
960 sites (one site per 280 square kilometers) throughout the state
of Colorado (Smith et al., 2010). The aim was to provide baseline
data for the natural variation in soil geochemistry for Colorado in
order to detect changes in soil composition that might result from
natural processes or anthropogenic activities. Values of La varied
from 7.5 to 176 mg La kg1 dry soil, values of Y ranged from 3.8
to 169 mg Y kg1 dry soil and for Ce from 3.8 to 350 mg Ce kg1
dry soil. A global world survey including several countries and re-
ported in Javied et al. (2010) indicated that La and Ce levels were
very high in Russia (2150 and 3420 mg kg1), Nigeria (243 and
474 mg kg1), Algeria (191 and 290 mg kg1), Togo (120 and
225 mg kg1), Morocco (109 and 46 mg kg1) and Tunisia (100
and 44 mg kg1), with recorded levels tending to be lower in the
USA (78 and 114 mg kg1), Syria (46 and 41 mg kg1) and Israel
(34 and 22 mg kg1). Other values have been established, including
in China, where amounts were relatively low (Shacklette and
Boerngen, 1984; Yoshida et al., 1998; Ran and Liu, 1999; Tyler
and Olsson, 2002; Savichev and Vodyanitskii, 2009; see also a de-
tailed review in Boutin et al. (2011, 2012) and Thomas et al.
(2012)).
As mentioned previously, agricultural inputs can become a con-
siderable source of REEs in the natural environment. A Brazilian
study by Turra et al. (2011) has evaluated the mass fractions of
REE in agricultural supplies. The authors have demonstrated that
thermophosphate, single superphosphate, and NPK fertilizers rich
in phosphate showed the highest mass fractions of REEs. Consider-
ing the recommended and long-term use of these fertilizers, the
resultant increase in the REE content of the soil could cause harm-
ful effects to the environment and humans (Turra et al., 2011). In-
deed, these negative impacts are not only being expressed in
primary producers, but other trophic levels are beginning to feel
the effects of REE accumulation in soil. For instance, Li et al.
(2010) demonstrated that a large input of REE into the environ-
ment reduced soil macrofauna community diversity.
In Canada, the input of phosphate in the environment from fer-
tilizers has increased from 341 thousand tonnes in 1972 to over
630 thousand tonnes in 2002 (Korol, 2002). Current 2011/2012
estimates are above 750 thousand tonnes (Statistics Canada,
2012). Similarly, world ﬁgures indicate an increase in phosphate
consumption from 24167 thousand tonnes in 1972 to 40532 thou-
sand tonnes in 2010 (International Fertilizer Industry Association,
2012). Turra et al. (2011) corroborated the results of Zhang et al.
(2006) where the authors reported that superphosphate fertilizers
have a higher mass fraction of REEs than any other PFs. In our
study, we have demonstrated that uptake and toxicity of REEs such
as Ce is greatest under lower pH conditions. Eastern Canadian soils
are on average much more acidic than western soils. Superphos-
phate fertilizers are almost exclusively consumed and traded ineastern Canada (Korol, 2002). Under these conditions, eastern Can-
ada would represent an agricultural landscape where REEs would
most likely increase substantially in the soil if inputs are not mon-
itored adequately. Growing under more acidic conditions, plants
living in eastern Canada would most likely suffer from the in-
creased toxicity. Consequently, we believe it is important to start
monitoring phosphate-based fertilizer inputs more closely in order
to mitigate any adverse environmental consequences the resulting
increase of REE content in soil might have on commercial and na-
tive plant species.
5. Conclusion
At ﬁrst glance, our results seem to continue to support the no-
tion that REEs are of low toxicity and not considered extremely
hazardous to the environment. However, a closer examination of
the IC10 and IC25 values of our tested plants sounds an alarm. In-
creased use of these elements in technology and agriculture will
increase environmental levels closer to the reported IC10 and
IC25 levels (Li et al., 2010). Especially in the case of Ce (with aver-
age crustal abundance of 60 mg kg1), it would not take enormous
environmental inputs to start impacting native plant species. More
work needs to be done to investigate a larger range of plants under
broader pH (and CEC) conditions and different redox potential lev-
els in order to evaluate the impacts of REE contamination with
greater certainty (especially in the case of Y where data variability
obfuscated any conclusion in our experiment).
The most important threats arising from the increased input of
REEs in the environment continue to be in countries with naturally
high REE abundance levels in soil (like in Russia, Nigeria, etc.).
Close monitoring may be needed in countries where phosphate-
based fertilizers mined from monazite deposits (for-example) are
used, in areas where soil conditions are favorable to REE mobility,
availability and uptake by plants, and/or at sites located near land-
ﬁlls (with discarded technology, improperly disposed batteries,
etc.) where surface runoff could contaminate the local
environment.
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